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Abstract
Highly crystalline ZnTe thin films were grown on GaAs (211)B substrates by molecular beam epitaxy (MBE) for potential 
applications such as MCT detectors and optoelectronic devices. We investigated the effects of Te to Zn (VI/II) flux ratio on 
the quality of ZnTe films in terms of crystal orientation, elemental composition, surface roughness, and dislocation density. 
Atomic concentrations of Zn, Te, and oxygen complexes due to oxygen contamination on the film surfaces were analyzed 
by X-ray photoelectron spectroscopy. X-ray double crystal rocking curve full width half maximum (FWHM) of ZnTe (422) 
peak was observed as 233 arcseconds for a 1.66 μm thick film, which indicates high crystallinity. Wet chemical etching was 
applied to the films to quantify the crystal quality by calculating etch pit densities (EPD) from scanning electron micro-
scope images. A very low EPD value of 1.7 × 107 cm−2 was measured. Additionally, the root mean square roughness values, 
obtained from atomic force microscopy topography images were in the range of 10–25 nm. These values were supported 
by FWHM values of red green blue color intensity histograms obtained from Nomarski Microscope images. The results of 
our analyses indicate that the VI/II flux ratios of 4 and 4.5 produce the best quality ZnTe films on GaAs (211)B substrates.

1  Introduction

ZnTe is a II–VI semiconductor with a zinc-blende crystal 
structure. It has a lattice constant of 6.1037 Å [1]. Having 
a 2.27 eV room temperature (RT) direct band gap energy 
gives rise to a strong absorption band in the short wave-
length range of the infrared (IR) spectrum. ZnTe has a strong 
potential for many optoelectronic device applications such as 
light emitting diodes, terahertz detectors, solar cells, wave-
guides, and modulators [2–8]. In particular, there are reports 
on heterojunction diode applications of intrinsically p-type 
ZnTe [9, 10]. On the other hand, the properties of ZnTe 
can be tailored by oxygen addition to form the ZnTe1−xOx 
(ZnTeO) ternary structure where x is the oxygen fraction 
(0 ≤ x ≤1). Addition of a small fraction of oxygen (x being 
close to zero) into ZnTe, gives rise to new absorptive energy 
bands in the band gap of ZnTe, hence, extending its absorp-
tion spectrum well into long wavelength ranges in the IR 

region covering the entire solar spectrum. This makes it one 
of the most efficient materials in solar cell applications [11].

ZnTe is also used as a buffer layer mostly for HgCdTe 
(MCT)-based infrared detectors. Although CdZnTe (CZT) 
is an ideal substrate due to its perfect lattice match and ther-
mal expansion coefficient match with MCT, it has several 
drawbacks such as limited availability in large areas, high 
cost, low crystal quality, and high fragility [12, 13]. Hence, 
alternative substrates such as Si, Ge, and GaAs are com-
monly used in spite of their lattice and thermal expansion 
coefficient mismatches with MCT [14, 15]. Crystal quality 
and purity of MCT plays an important role on its device 
performance. Lattice and thermal expansion coefficient mis-
matches cause structural defects at the MCT-substrate inter-
face. Especially, threading dislocations, extending from the 
substrate-epilayer interface well into the MCT film, greatly 
deteriorate the device performance. Hence, such defects 
should be suppressed by addition of a buffer layer between 
the substrate and the MCT film [14]. Among the alternative 
substrate materials to CZT, GaAs is better than Si due to 
its lower lattice (14%) [14], and thermal expansion coef-
ficient (13.8%) mismatches. Its low-cost, easy accessibility, 
and crystal structure (both MCT and GaAs are zinc blende) 
also make GaAs a very good alternative substrate to CZT 
[16]. Other type of structural defects deteriorating the device 

 *	 Elif Ozceri 
	 elifozceri@iyte.edu.tr

1	 Department of Materials Science and Engineering, Izmir 
Institute of Technology, Urla, 35430 Izmir, Turkey

2	 Department of Physics, Izmir Institute of Technology, Urla, 
35430 Izmir, Turkey

http://orcid.org/0000-0001-6116-076X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-019-3043-5&domain=pdf


	 E. Ozceri, E. Tarhan 

1 3

747  Page 2 of 9

performance are native point defects and dislocations mainly 
due to oxide removal and chemical cleaning processes. To 
suppress such defects and to prevent orientation shifts in 
MCT, ZnTe is commonly used as a nucleation or buffer layer 
[17–19]. GaAs substrate with a ZnTe buffer has a very low 
lattice mismatch of 7.8% [1], which provides a smooth tran-
sition by suppressing the dislocations in a few contact layer, 
thus, a relatively low dislocation densities towards the top 
layer is achieved.

To obtain high quality films with low dislocation densi-
ties, ZnTe epilayers can be grown on nearly lattice-matched 
II–VI GaSb and InAs substrates in a molecular beam epitaxy 
(MBE) system [20, 21]. However, as a III–V material, GaAs 
with a greater lattice mismatch with ZnTe is a preferable 
substrate material due to its high quality, large wafer area, 
commercially availability, and low cost in comparison to 
GaSb [1, 22]. Thus, high quality epitaxial growth of ZnTe 
on GaAs has recently received an increasing attention [23]. 
Arsenic rich (B) surface of GaAs (211) substrate is usually 
used for the growth of ZnTe buffer layer since it can bound 
especially Te atoms of ZnTe at the interface resulting in an 
epitaxial growth of ZnTe on GaAs.

In this work, we investigated the effect of Te to Zn (VI/
II) growth flux ratio on the characteristics of ZnTe films 
grown on commercially purchased epi-ready GaAs (211)
B substrates in an MBE chamber. The quality of heteroepi-
taxial layers, hence the device performance, depends on 
the crystal quality of ZnTe films which is mainly affected 
by growth conditions. We propose an effective method to 
obtain highly crystalline ZnTe (211) epitaxial films on GaAs 
(211)B substrates. The results of our studies on the epitax-
ial characteristics of ZnTe thin films were investigated by 
employing X-ray diffraction (XRD) spectroscopy, atomic 
force microscopy (AFM), Nomarski microscopy (NM), and 
X-ray photoelectron spectroscopy (XPS). Additionally, etch 
pith density (EPD) calculations were carried out using the 
scanning electron microscopy (SEM) images of etched sam-
ples. In particular, we demonstrated a useful way to deter-
mine the roughness value of a ZnTe film from a Nomarski 
microscope image.

2 � Experimental/methods

Experimental procedures were carried out in the following 
order:

2.1 � ZnTe film growth on epiready GaAs (211)B 
substrate

Thermal deoxidation of the 20 × 20 mm2 epi-ready GaAs 
substrates followed by ZnTe growth on them were done in 
the growth chamber of a Veeco GEN20MZ MBE system 

under the background pressure of 3–5 × 10–10 Torr. The 
deoxidation of the protective oxide layer of an epi-ready 
GaAs (211)B substrate was performed under In flux accord-
ing to a procedure given in a previous study [24]. Firstly, the 
substrate was heated to about 530 °C (measured by a band 
edge thermometry; BandiT). Then, In flux was supplied at 
4.5 × 10–8 Torr beam equivalent pressure (BEP) for 3 min 
until the substrate temperature reached to ~ 555 °C, which 
was maintained for 3 more minutes for the desorption of In 
compounds (InAs, InO2). During the thermal deoxidation 
(complete removal of the oxide layer), structural properties 
of the surface was monitored in situ from the diffraction 
pattern by an incorporated reflection high-energy electron 
diffraction (RHEED) system. Next, the GaAs substrate was 
cooled under As4 flux at 2.5 × 10–6 Torr BEP to preserve 
the As terminated face of the polar substrate. As4 flux was 
closed at ~ 420 °C and Te2 flux was opened when the sub-
strate temperature fell to ~ 380 °C. Finally, when the sub-
strate temperature was reduced to ~ 290 °C it was kept con-
stant and ZnTe growth was initiated under Te2 and Zn flux. 
All the growths were carried at a rate of about 1 µm/h for 
120 min with varying VI/II flux ratios, which is the ratio of 
Te (group VI) and Zn (group II) BEP’s. During the growth 
processes, substrates were rotated with two revolutions per 
minute (rpm) to ensure a uniform growth profile.

2.2 � Compositional characterization by XPS

The elemental compositions of the as grown ZnTe films on 
the GaAs (211)B surface wafers were studied using an X-ray 
photoelectron spectrometer (XPS). Samples were immedi-
ately transferred from the growth chamber to the XPS sys-
tem under atmospheric conditions, with a transfer duration 
not exceeding 5 min in order to minimize the contamination 
and oxidation of the film surfaces during their transfer. XPS 
measurements were carried out with a SPECS EA200 (Elec-
tron Spectroscopy for ChemicalAnalysis) system equipped 
with an Al X-ray source and a Phoibos 150 hemispherical 
analyzer with a 3D-DLD detector. A large area focus and a 
40 eV E-pass energy were chosen to achieve the best signal 
to noise ratio in the XPS spectra. The spectra were calibrated 
with respect to C-1s signal position at 284 eV. After apply-
ing a Tougaard or linear background subtraction, the spectra 
were deconvoluted with a mixed (product of) Gaussian–Lor-
entzian peak profile using the CasaXPS software.

2.3 � Crystal structure characterization by XRD

The crystal structure of our ZnTe films grown on GaAs (211)
B substrates were analyzed with XRD θ–2θ scans taken in 
the 5°–90° 2θ range using a Philips X’Pert Pro MRD XRD 
system equipped with a Cu K-alpha X-ray source. The struc-
tural quality of the films were further investigated with X-ray 
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double crystal rocking curve (DCRC) analyses of the peaks 
from ZnTe(422) planes measured at [0–11] and [–111] azi-
muths. Tilt angles (an indication of the orientational mis-
match between the substrate and the film) were calculated 
as the difference between the peak angle positions meas-
ured at both azimuth directions. Full width at half maximum 
(FWHM) values gave information about the crystal quality 
of films. Debye Scherer equation was used to find the crys-
talline grain sizes from the measured FWHM values for a 
given reflection angle.

2.4 � SEM images and etch pit density calculations

Defect decoration by wet chemical etching is the main 
method to reveal and observe various kinds of defects espe-
cially due to dislocation related ones over the epilayer sur-
face. Since both ZnTe and CdTe are II–VI polar semiconduc-
tors with a zinc blende crystal structure, the methods used 
to study the dislocation densities of CdTe films can also be 
applied to ZnTe films for the same purpose [25].

Wet chemical etching processes were carried out in three 
main steps; oxidation, dissolution, and dilution [26]. These 
steps determine the chemical reaction and etching rate of 
the etching solution. Bromic acid, bromine, chromic acid, 
nitric acid, and hydrogen peroxide were used as oxidizing 
agents. A molecule of an oxidizing agent takes electrons 
from the film atoms. Te has a higher reactivity as compared 
to Zn. Thus, the oxidizing agents are more reactive with Te 
atoms. In the dilution step; DI water, lactic acid, or acetic 
acid were used as diluting agents [26]. After a wet chemical 
etching process, etch pits occur on a film surface due to the 
weakened bond strengths. As a result, end points of dislo-
cations appear as dents of various geometric shapes on the 
film surface which can be observed on a SEM micrograph 
image. Moreover, different etching solutions leave different 
etch pit shapes on the surface depending on the etching rate 
of the solution, surface polarity, and the crystal orientation. 
Therefore, the crystal symmetry along the direction perpen-
dicular to the surface can be monitored by the shapes and 
sizes of the etch pits.

In this study, after carrying out XPS and XRD meas-
urements, each 20 × 20 mm2 ZnTe/GaAs film was cut into 
several pieces of various sizes and shapes, each for an 
independent etching procedure, to carry out defect deco-
ration analyses. We used two etching techniques indepen-
dently on different pieces from the same original sample. 
First etching procedure was done using an Everson solu-
tion (1HF:4HNO3:25C2H4OHCOOH) [27] for 25 s at RT 
while the alternative etching procedure was employed with 
a Nakagawa solution (1HF:2H2O2:2H2O) [28] for 7 s at RT. 
As soon as an etching was completed, the sample was rinsed 
in DI water and dried under high-purity N2 flow. Then, the 
areal densities of etch pits were obtained from the SEM 

micrographs by manual counting the number of pits for 
several chosen areas and dividing each count by the chosen 
area. The etch pit density (EPD, in units of count per unit 
area) was obtained as the average of the count densities. 
The SEM system used was a FEI Quanta 250 FEG without 
any coating with 20 keV energy accelerated electrons and 
a 5 spot size.

2.5 � Structural characterization by AFM 
and Nomarski microscopy

A Solver Pro 7 AFM instrument from NT-MDT was used to 
determine the RMS surface roughness values of as grown 
ZnTe films. The topography images were obtained by HA_
NC silicon tips with a cantilever thickness of 1.75 μm and 
force constants of 3.5 and 12 N/m in the tapping mode in a 
class-100 clean room environment.

The film surface morphologies were also investigated 
by utilizing a Nomarski microscope (A13.1013 BF/DF 
DIC Metallurgical Microscope) with a 100 × objective. The 
observed images are 3D-like through a polarized light and 
a diffraction interference contrast prisms. The images were 
recorded from five different locations of the surface of an as 
grown ZnTe film. In this work, we show that surface rough-
ness values can also be estimated from these images [29].

3 � Results and discussions

The elemental compositions of ZnTe films were studied 
using XPS. For that purpose, as grown samples were imme-
diately transferred to an XPS chamber after removing them 
from the MBE chamber.

After a survey scan, a series of high-resolution measure-
ments focused on Zn, Te, O, and C peaks were carried out 
in order to obtain the elemental compositions. The spectra 
in Fig. 1a–c show oxygen (O-1s), zinc (Zn-2p), and tellu-
rium (Te-3d) peaks, respectively, obtained from the sample 
ZT2. Other samples show similar XPS spectra. As seen from 
the figure, a mixture of Lorentzian–Gaussian peak profiles 
were nicely fit to the experimental data (black dots). A linear 
background subtraction was used for O-1s and Te-3d peaks 
while, a Tougaard (non-linear) background subtraction was 
carried out for the Zn-2p peaks. Since the energy of X-rays 
for Al-Kα irradiation is about 1.5 keV, it corresponds to a 
penetration depth of about 30 Å [30]. This means that most 
of the electrons removed from the sample material comes 
from a few tens of atomic layers beneath the surface. Hence, 
even if a few top layers of the surface is contaminated with 
oxygen and other elements they will show strong XPS peaks. 
Indeed in our data we see strong oxygen peaks indicating 
surface contamination which is probably limited to a few 
top layers [31]. In Table 1, we show the results of elemental 
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concentration (at.%) analyses obtained from XPS spectra 
of several samples. As seen from the table, oxygen concen-
tration varies from sample to sample depending on both 
transfer conditions from MBE to XPS and on the surface 
morphologies of the films as well as the film quality. A sin-
gle peak profile fits to the O-1s data, centered at 530.5 eV, 
as shown in Fig. 1a. Figure 1b shows the Zn 2p spectrum 
which is composed of a 2p3/2 peak centered at 1021.6 eV and 
a 2p1/2 peak centered at 1044.6 eV along with their Lorentz 
fits. The 23 eV difference (ΔEZn) between these two peaks 
is due to the spin orbit coupling effect observed mostly in 
the light and medium sized atoms and, to some degree, in 
the heavier atoms. The 2p peaks centered at 1023.65 eV and 
1045.15 eV, corresponding to a spin–orbit splitting energy of 
21.5 eV, are due to an oxidation state of Zn and they origi-
nate from Zn–O bonds [32]. The peak at 1035.15 is called 
a satellite peak [32].

The Te-3d spectrum is composed of a 3d5/2 peak at 
572 eV and a 3d3/2 peak at 582 eV as seen in Fig. 1c. The 
peaks at 575.5 eV and 586 eV are related to TeO2 com-
plexes formed on the surfaces of ZnTe films [33]; [31] due 
to oxygen contamination from air. The strong TeO2 peak 
intensities compared to those of Zn–O peaks indicate that 
the surface was terminated with Te atoms rather than Zn 
atoms. Table 2 gives the atomic concentration (at.%) ratios 
of Zn to Te as CZn/CTe for all ZnTe film surfaces along with 
some other growth parameters as well as other important 
results obtained from our analyses given below.

Figure 2 shows typical XRD patterns of a ZnTe film on a 
(211) GaAs substrate (ZT7). Figure 2a gives the θ–2θ spec-
trum performed in the 5°–90° 2θ range. Note that we only 
see peaks associated with ZnTe (422) layers as well as those 
associated with GaAs (422) layers. For all ZnTe films grown 
on GaAs (211)B substrates we observed no other notable 

(a) (b)

(c)

Fig. 1   XPS results of a O-1s, b Zn-2p, and c Te-3d scan from the as grown ZnTe surface of the sample ZT2. Black dots are experimental XPS 
data, the red line is the fitted envelope, and other lines are individual Lorentzian–Gaussian peaks
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peaks than those seen in Fig. 2a. Hence, we can claim with 
a confidence that all of our ZnTe films are highly crystalline 
with growth orientation similar to that of the GaAs substrate. 
The double peaks seen in Fig. 2a correspond to Kα1 (0.1540 
nm) and Kα2 (0.1544 nm) lines of the Cu X-ray source. For 
further characterization of the crystal quality, high resolu-
tion X-ray double crystal rocking curve (DCRC) analyses 

of ZnTe (422) films on GaAs (211)B substrates were per-
formed. Figure 2b shows the rocking curve spectra of the 
sample ZT7. The peaks centered at 36.561° and 38.007°, 
were measured at [–111] and [0–11] azimuth directions, 
respectively. The first peak has a full width half maximum 
(FWHM) value of 295.2 arcseconds while the FWHM for 
the second one is 234.4 arcsecs. Considering that the thick-
nesses of our ZnTe films were in the range of 1.2–1.7 µm (for 
comparison, such FWHM values are given only for thicker 
films in literature), both FWHM values indicate a good 
crystal structure for the (211) surface orientation [34]. We 
have also observed that all ZnTe films had narrower FWHM 
along [0–11] azimuth direction. The difference between the 
positions of the ZnTe (211) peaks for the two perpendicular 
measurement directions (namely, [–111] and [0–11]) is due 
to tilting of the ZnTe (211) planes with respect to those of 
GaAs (211)B substrates. This difference gives the tilt angle 
which is about 1.4° for the sample ZT7 as seen from Fig. 2. 
The tilt angles for all our samples varies from 1.4° to 1.9° 

Experimental Data
Theoretical Fit

(a) (b)

Fig. 2   XRD patterns of the sample ZT7 (ZnTe on (211) GaAs). a Full range θ–2θ scan, the inset highlights the observed peaks. b Double crystal 
rocking curve (DCRC) measurements of ZnTe(422) peaks taken at [0–11] and [–111] azimuth directions

Table 1   Elemental concentration analyses obtained from XPS spectra 
of Grown ZnTe films

Samples Zn (at.%) Zn–O (at.%) Te (at.%) Te–O (at.%)

ZT2 37.4 8.2 27.7 26.8
ZT3 34.0 12.0 27.4 26.6
ZT6 44.0 – 36.2 19.7
ZT7 40.7 – 39.2 20.2
ZT8 38.0 – 43.3 18.7
ZT9 42.5 – 36.7 20.8

Table 2   Structural characterization results of XPS, X-ray DCRC, defect decoration, AFM and film thickness

The last column shows VI/II flux ratio of growth in MBE
a Nakagawa etched
b Everson etched
c Pit sizes were calculated with 0.05 nm accuracy

Samples CZn/CTe FWHM 
(422) [–111]

FWHM 
(422) [0–11]

Tilt angle (°) τ (nm) cEPD 
× 107 cm−2

R-AFM (nm) t (µm) VI/II flux ratio

ZT2 1.4 342.9 253.9 1.9 159.1 2.6a 13.9 1.24 3.0
ZT3 1.2 439.9 314.1 1.9 128.4 32b 22.0 1.19 1.7
ZT6 1.2 282.8 232.9 1.5 173.6 5.4a 18.0 1.51 4.0
ZT7 1.0 295.2 234.4 1.4 172.1 4.2a 13.8 1.66 4.0
ZT8 0.9 316.0 233.0 1.5 173.3 1.7a 12.3 1.66 4.5
ZT9 1.2 335.2 329.8 1.8 122.3 23a 16.4 1.57 5.0
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as reported in Table 2. The tilting is towards [–111] azimuth 
which allows a better lattice parameter match between the 
(422) planes of ZnTe film and GaAs (211)B substrate [35]. 
The tilt angles between the ZnTe and GaAs (211) substrates 
observed in our samples are less than the reported values 
in the literature for CdTe epilayers on GaAs (211) [36] and 
ZnTe films on Si (211) substrates [35]. For each sample we 
also calculated the average grain size, τ, of the crystallites 
along [0–11] direction from the Debye Scherer’s formula:

where K is the dimensionless shape factor which is close 
to 0.9. The X-ray wavelength λ for a Cu K-alpha source is 
equal to 0.154 Å. β is the FWHM value in radians while θ 
is the Bragg angle. The calculated grain sizes are listed in 
Table 2. As seen from the table, the calculated grain sizes 
vary from 128.4 to 173.6 nm which indicates a good crystal 

� =

K

� cos �
,

quality with a near single crystal structure. This conclusion 
is also supported from the θ–2θ scan which only shows a 
single crystallographic orientation for the (211) planes being 
parallel to the film surface.

Figure 3a–c gives X-ray double crystal rocking curve 
(DCRC) FWHM values for (422) planes of all samples for 
growth VI/II flux ratio, film thickness, and Zn/Te concentra-
tion ratio (obtained from XPS), respectively. As seen from 
Fig. 3a FWHM has a minimum at 4.5 VI/II flux ratio for 
[0–11] measurement direction (ZT8) while it is at 4.0 for 
[–111] direction (ZT7 and ZT6), indicating that the crystal 
quality of the samples ZT6, ZT7, and ZT8 are better than 
the others. From Fig. 3b, the best FWHM values are for the 
film thicknesses between 1.5 and 1.65 micron again obtained 
from the samples ZT6, ZT7, and ZT8. When the flux ratio 
was increased to 5 (ZT9), FWHM increased while the thick-
ness was reduced to 1.57 µm. Thus, we can infer that when 
the Te/Zn flux ratio increases beyond 4.5 the optimum 

(a) (b)

(c) (d)

Fig. 3   a X-ray double crystal rocking curve FWHM versus VI/II flux 
ratio, b the X-ray DCRC FWHM versus ZnTe film thickness, c varia-
tion of X-ray DCRC FWHM with Zn/Te concentration ratio extracted 

from XPS analysis, and d Zn/Te concentration ratio with respect to 
VI/II flux ratio. The given XRD data were collected from ZnTe(422) 
planes along [–111] and [0–11] azimuth directions
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growth conditions will be lost. According to Fig. 3c the films 
exhibiting the minimum DCRC FWHM values (hence, bet-
ter crystallinity) have Zn/Te concentration ratios of about 
0.9, 1.0, and 1.2 as obtained from their XPS measurements. 
Figure 3d shows the dependence of elemental concentration 
ratio of Zn to that of Te on the VI/II flux ratio (CZn/CTe in 
Table 2).

Dislocations in the films were studied using the surface 
dislocation decoration methods as described in the experi-
mental procedures. The dislocation densities of ZnTe lay-
ers were obtained from the SEM images of Nakagawa and 
Everson etched samples. Figure 5 shows the post-etching 
SEM images of ZnTe layers grown on thermally deoxidized 
GaAs substrates.

The SEM images of Everson etched samples showed 
triangle-like shaped pits on the sample surfaces. Naka-
gawa et al. [37] showed that their etchants were effective at 
B-face of CdTe, but Fewster [38] claimed that these etchants 
were actually effective at the A-face of CdTe which was 
also confirmed with XRD studies [39]. Some studies, used 
Nakagawa solutions with different ratio of HF:H2O2:H2O to 
calculate the etch pit density (EPD) on the ZnTe films [40].

EPD values calculated from the SEM images of the 
samples are 32 × 107 cm−2 for sample ZT3 (Fig. 3a) and 
1.7 × 107 cm−2 for sample ZT8 (Fig. 3c), respectively. EPD 
values obtained for all samples are listed in Table 2. As seen 
from Table 2, the sample ZT3 film grown with 1.7 IV/II 
flux ratio has the highest EPD, RMS roughness (R-AFM) 
and FWHM values indicating the worst film quality among 
all our films. However, for the sample ZT3, only the Ever-
son solution was successful to create pits on the surface 
(Fig. 4a), but Nakagawa solution did not create dislocation 
pits on the surface (Fig. 4b). In contrast, Nakagawa solu-
tion was very effective for all other samples which showed 
smaller EPD values. Additionally, average root-mean-square 
(RMS) surface roughnesses obtained by AFM analyses are 
also listed in Table 2 as R-AFM along with film thicknesses 
(t) and VI/II flux ratios. It is obvious from the table that 
the EPD values and RMS roughnesses exhibit a clear cor-
relation. In other words, both the RMS roughness and the 

EPD values are minimum for the samples ZT7 and ZT8, 
indicating that these samples are of better crystal quality 
than others. Thus, as the crystal quality increases the surface 
roughness and the dislocation densities of the films decrease.

As also seen from Table 2, increased VI/II flux ratio from 
1.7 to 4.5 increases the crystal quality while going beyond 5, 
the quality decreases drastically as seen for the sample ZT9 
with high RMS and EPD values. Also given in the table is 
the XPS Zn/Te ratios which is mostly about 1.2 but near 1 
for better quality samples (ZT7 and ZT8). We can say that 
when Te flux is too high, deviations from the perfect growth 
conditions leads to a reduction in the Te concentration on the 
film surface. Therefore, the optimum VI/II growth flux ratio 
is about 4–4.5 at ~ 290 °C growth temperature.

The color intensity distribution of Nomarski microscope 
(NM) images were used to estimate the surface roughness 
of the grown ZnTe films (Fig. 5a). One way to generate 
a color is mixing red, green and blue (RGB) colors. The 
intensity variation of these three components defines the 
superimposed color. The absence of all three components 
causes black color to appear, conversely, existence of maxi-
mum intensity of all components appears as white. Intensity 
ranges of each color are encoded as integer numbers ranging 
from (0, 0, 0) to (255, 255, 255) in computers. Image infor-
mation from each pixel is stored in the memory as eight-bit 
per color component. In an NM image, the darker pixels 
show the deep regions of a film surface, giving lower inten-
sities (smaller integers) for these color components, and the 
bright pixels imaging the top regions of the surface, produce 
higher intensities (larger numbers) for these colors. The sur-
face roughness can be calculated by taking advantage of 
this color intensity balance with the deep and top regions 
of the surface. In our analyses, from the NM images, red, 
green, and blue color intensity distributions were split from 
each other and histograms for each color distribution were 
obtained by means of ImageJ program. A red color inten-
sity histogram of a NM image given in Fig. 5a, is shown in 
Fig. 5c. The inset was obtained by the image analysis pro-
gram and it was replotted in Fig. 5c. Each color histogram 
curve was fitted by Voigt Model (Fig. 5c) and the FWHM 

Fig. 4   SEM defect decoration images of the sample ZT3 after etching with a an Everson solution, b a Nakagawa solution, and c, that of the sam-
ple ZT8 etched with a Nakagawa solution
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values of these curves were compared with the AFM RMS 
roughness values of the films. The comparison is seen in 
Fig. 5d. All the surface roughness RMS values were calcu-
lated as the averages of at least three different topography 
scans as shown in Fig. 5b.

As seen in Fig. 5d, the red, green, and blue color intensity 
histogram FWHM values are very closely related to each 
other. The average FWHM value of the RGB components 
for each ZnTe film was divided by RMS roughness value and 
the ratios for all films were plotted in the figure (pink curve 
with the values given on the right Y axis). This ratio is close 
to 1 for the films with RMS roughness greater than 20 nm. 
Moreover, it is seen that RMS roughness value (in nanom-
eters) remains smaller than FWHM value (in numbers) up to 
20 nm beyond which it becomes greater than FWHM value. 
The RMS values and FWHM of the color histogram values 
are very compatible. Thus, we can claim that RGB color his-
tograms of a NM image can be used to determine the surface 
RMS roughness value of a film qualitatively.

4 � Conclusions

In this study, we investigated the effect of growth conditions 
on the properties of highly crystalline ZnTe films grown on 
GaAs (211)B substrates by MBE. The ZnTe films grown 
under the optimum conditions displayed an X-ray double 
crystal rocking curve (DCRC) FWHM value of 233 arcsecs 
with a 1.7 × 107 cm−2 etch pit density (EPD) for a 1.66 μm 
thick film. It is found from XPS analyses that the ZnTe film 
surfaces were terminated with Te rather than Zn. Surface 
contamination with oxygen was lower for the films that have 
high crystal quality and lower surface RMS roughness and 
EPD values. The ZnTe films on GaAs (211)B substrates 
have tilt angles between 1.4o and 1.9° which is less than 
those for MBE grown CdTe epilayers reported in the litera-
ture. There is an inverse relation between the rocking curve 
FWHM and VI/II flux ratio up to 4.5 flux ratio. The best 
films were obtained for the VI/II flux ratios of 4.0 and 4.5. 
These films have relatively good crystal quality with Zn/Te 

20 m

(a) (b)

(c) (d)

0                        Red                      255
Min: 39
Max: 140
Mode: 94 (14577)

Count: 296888
Mean: 93.119
StdDev: 9.104

2.0 m

C
ou

nt
 (a

.u
.)

Fig. 5   Nomarski microscope image (a), and the AFM surface topog-
raphy image of ZT8 film (b). The red color intensity histogram of 
Nomarski image in a is in the inset c. It is replotted to fit and cal-
culate FWHM (c). The surface roughness RMS values obtained 

from the AFM topography micrographs (black), and red (red), green 
(green), blue (blue) color intensity histogram FWHM values (d). The 
ratio of average color histogram values to the RMS values is given as 
the dashed curve in d 
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concentration ratios of about 0.9, 1.0 and 1.2. Additionally, 
as the crystal quality increased, the surface roughness and 
the dislocation densities of the films decreased. The RMS 
values and FWHMs of the RGB color histograms were very 
compatible in the range of 10–25 nm. Hence, we assert that 
a RGB color histogram analysis of a NM image provides a 
practical way to determine the RMS roughness value of a 
ZnTe film. This method can also be applied to films grown 
with other techniques with varying parameters. In conclu-
sion, MBE-grown ZnTe films on GaAs (211)B substrates 
grown under optimum conditions have a great potential as 
a buffer layer for MCT detectors and for many other opto-
electronic device applications due to their low dislocation 
densities and high crystal qualities.
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